Genetic evolution of the simian immunodeficiency virus (SIV) envelope glycoprotein was evaluated in a group of six macaques (Macaca nemestrina) infected with the molecularly cloned, moderately pathogenic SIVsm62d. The extent of envelope evolution was subsequently evaluated within the context of the individual pattern of viremia and disease outcome. Two macaques in this cohort developed AIDS by 1.5 years postinoculation (progressors), whereas the remaining four macaques remained asymptomatic (nonprogressors). Compared with the nonprogressor macaques, the two progressor macaques exhibited higher persistent plasma viremia, higher homologous neutralizing antibody titers, and more extensive mutation and evolution in the V1 region of envelope. Although clearly distinct in each of these parameters from the progressors, the four nonprogressors exhibited more individual variability with respect to the extent of persistent viremia and genetic evolution of the V1 region of envelope. The extent of V1 envelope varied from no apparent V1 evolution in a macaque with good viral containment to extensive evolution in one macaque with persistent viremia. This study underscores the critical role of persistent replication in the genetic evolution of SIV.
Although human immunodeficiency virus, type 1 (HIV-1) is almost uniformly fatal, the rates of disease development and survival times vary widely between different individuals. Thus, there is a spectrum of disease progression from extremely rapid (1 to 2 years) to asymptomatic survival in excess of 10 years, with these extremes being observed at a low frequency (5, 8, 14, 39, 41, 49) . The host and viral factors underlying variable disease progression have not been clearly defined and are likely to be complex. Clearly, the level at which plasma viremia stabilizes in the post-acute phase of infection has been shown to be an important prognostic indicator of disease progression in HIV infection (35, 36, 43, 52) , and since downmodulation is coincident with development of cell-mediated immunity, a component of this effect may be due to a specific immune response (30) .
Host factors which could potentially impact on disease progression include the level of immune activation at the time of infection, efficacy of the specific immune responses, antiviral factors elaborated by CD8 ϩ T cells (11, 32, 33) , and other undefined factors. Clear correlates of disease progression have not been discerned by comparison of the immune responses of progressors and nonprogressors. Both categories typically demonstrate strong, broadly neutralizing antibody responses (39, 45) as well as the presence of virus-specific cytotoxic T lymphocytes (as reviewed in reference 22). However, a subset of nonprogressors and exposed uninfected individuals have defects in the CCR5 gene (⌬32) which appear to render their cells less susceptible to infection with CCR5-utilizing viruses (reviewed in references 13 and 37) . Viral factors such as virus load and the biologic phenotype of the virus infecting an individual could also affect disease progression. Many studies of the biologic evolution of HIV-1 demonstrated a phenotypic shift from early non-syncytium-inducing, macrophage-tropic virus strains early after seroconversion (50) to syncytium-inducing, T-cell-tropic strains later in the disease (2, 9, 20, 47, 48) , possibly consistent with the emergence of more pathogenic variants. With the recent elucidation of the chemokine coreceptors required for HIV-1 entry, these phenotypes can largely be explained by a shift from CCR5-utilizing viruses to CXCR4-utilizing viruses late in disease (10, 16, (17) (18) (19) . However, the relative pathogenicity of these two HIV-1 phenotypes is still unclear.
Genetic variation, selection, and evolution drive the biologic evolution of HIV-1 in vivo; each of these may be impacted by mutation rate, selective pressures, and replicative rate of the virus. A number of studies suggest that the evolution of the virus envelope glycoprotein differs depending upon the rate of disease progression (12, 15, 21, 53, 54) . Studies of the rate of viral evolution of envelope and gag cytotoxic T lymphocytes epitopes in individuals with variable disease progression have demonstrated that the rate of evolution correlates inversely with the rate of disease progression, paradoxically, with the greatest evolution being observed in slow or nonprogressors; i.e., those individuals with low to moderate plasma viremia (12, 21, 54) . The evolution of virus in rapid progressors or individuals with high viremia appears to be less extensive. These findings suggest a complex interplay between the rate of viral replication and selection pressure in driving viral evolution.
The simian immunodeficiency virus (SIV) macaque model has proven useful for the study of potential correlates of disease progression as well as the evolution of lentiviruses in vivo. The pathogenesis of SIV infection of macaques is remarkably similar to that of human AIDS (3, 4, 24, 26, 29, 31, 33, 34, 42, 46) , albeit with a shorter period of clinical latency. As with HIV-1 infection, the level at which plasma viremia stabilizes following seroconversion is an important prognostic indicator (26, 51) . The use of a molecularly cloned virus allows the investigator to study the roles of viral replication and immune pressure without confounding factors such as the complexity of the infecting quasispecies, selection at the time of infection, and the biologic phenotype of the infecting virus. The majority of studies of SIV evolution (1, 6, 7, 28, 43) have not taken into consideration such factors as the magnitude and specificity of the humoral immune response and the degree of viral replication as influencing the rate of viral evolution. Additionally, many of the molecularly cloned viruses examined were either more uniformly pathogenic (SIVmac239 [6, 29] ) or minimally pathogenic (SIVsmH4 [23, 28] ) (SIVmneC18 [44] ), thus not allowing the investigation of evolution in animals exhibiting different disease courses. In the present study, we characterized the immune responses, sequential viral load, and genetic evolution of variable regions within the envelope glycoprotein in a group of six pigtailed macaques (Macaca nemestrina) inoculated with a molecularly cloned SIV, designated SIVsm62d. This virus contains gag-pol and vif genes of SIVsmH4 (a minimally pathogenic SIV [45] ) and the vpx, tat, rev, env, and nef genes and 3Ј long terminal repeat amplified in a single fragment directly from the splenic DNA of an SIVsm-infected pigtailed macaque (PT62) with AIDS as previously described (25) and is tropic for macaque CD4 lymphocytes and macrophages in vitro, with limited ability to infect any of a wide variety of human CD4 ϩ T-cell lines. Despite inoculation with a common molecularly cloned virus, the disease course was variable (25) . Two animals (PT181 and PT182) exhibited depletion of peripheral CD4 lymphocyte numbers by 6 months postinoculation and progressed to AIDS with opportunistic infections by 1.5 years. The remaining four animals (PT185, PT187, PT188, and PT190) became infected as indicated by seroconversion and virus isolation from peripheral blood mononuclear cells (PBMC) but remained healthy throughout 3 years of observation. This spectrum of disease differs from that induced by more highly pathogenic molecularly cloned viruses, SIVmac239 (29) and SIVsmE543-3 (27) , for which nonprogressors are rarely observed. The goal of this study was to evaluate evolution of the envelope variable regions as a potential predictor of progressive SIV infection and to develop a clearer understanding of the impact of viral replication rate in the selection of virus variants.
MATERIALS AND METHODS
Inoculation and evaluation of animals. Six pigtailed macaques were inoculated intravenously with 1 ml of cell-free culture supernatant (approximately 1,000 50% tissue culture infective doses) from macaque PBMC infected with SIVsm62d, as described previously (25) . Following inoculation, the animals were monitored sequentially by fluorescence-activated cell sorter analysis for lymphocyte subset changes (CD4, CD8, CD2, and CD20), virus isolation from PBMC, plasma viral load (see below), and SIV-specific antibody production by Western blot and neutralizing antibody assays (38) . Virus isolation was conducted by stimulation of 5 ϫ 10 6 PBMC with 10% interleukin-2 (IL-2) and phytohemagglutinin (PHA; 5 mg/ml) in RPMI 1640 medium supplemented with glutamine, Pen-Strep, and 10% fetal calf serum for 4 days, followed by cocultivation with an equal number of similarly stimulated PBMC from a normal macaque donor. Cultures were propagated for 6 weeks in RPMI 1640 supplemented as described above but without the addition of PHA and were fed twice weekly with a 50% media change. The culture supernatant was monitored weekly for the presence of reverse transcriptase activity. Total cellular DNA was isolated from sequential cryopreserved PBMC samples and tissues (axillary, inguinal, and mesenteric lymph nodes; spleen; thymus; and bone marrow aspirate), which were collected at autopsy as described previously (7) .
Neutralizing antibody assays. Neutralizing antibody titers to SIVsmH4 were assayed with a read-out of 50% inhibition of cell killing in CEMx174 cells as previously described (38) and thus were an assessment of the broadly reactive, homologous neutralization but not of neutralization escape. Neutralizing antibodies to SIVsm62d were assessed in phytohemagglutinin-stimulated pigtailed macaque PBMC as described previously (40) , with minor modification. Briefly, cell-free virus was incubated with various dilutions of plasma samples in triplicate wells of 96-well culture plates for 1 h at 37°C. Following incubation, 30 l was transferred to a second 96-well plate containing 3 ϫ 10 5 PBMC in 150 l of IL-2-containing growth medium. An additional six wells of cells received an equivalent amount of virus that had not been incubated with a plasma sample (virus control). Plates were incubated at 37°C for 4 h, and the medium was aspirated and replaced with 20 l of fresh IL-2 growth medium. Medium was replaced an additional three times over the next 24 h to remove virus inoculum and anti-p27 antibodies in order to ensure later accurate quantitation of p27 production. Culture supernatants were collected daily for 13 days, mixed with 225 l of 0.5% Triton X-100, and stored at 4°C for later p27 assays. Concentrations of p27 in virus control wells were quantified for each harvest day with a commercial p27 antigen capture assay as described by the supplier (OrganonTeknika/Azko, Durham, N.C.). Concentrations of p27 in the remaining wells were quantified when p27 production in the virus control wells was in a linear phase of increase and averaged 1,000 pg/ml. Neutralization titers are the highest plasma dilution at which p27 production was reduced by Ͼ90% compared to a corresponding dilution of the respective prebleed sample. All prebleed samples were negative for neutralization. Because residual anti-p27 antibody in test wells has the potential to interfere with the p27 assay, virus lysates were mixed from wells that were positive for neutralization with a known amount of SIVsm62d viral lysate, and no evidence was found that the test samples interfered with p27 quantitation.
Quantitative competitive PCR assay for plasma vRNA. A system for HIV-1 DNA quantitation based upon an internally controlled PCR-based assay (QC-PCR) was adapted for use in the SIV model, as previously described (26) . The primer sequences are as follows: for S-GAG03, 5Ј-CAGGGAAiiAGCAGATG AATTAG-3Ј (nucleotide 1359); for S-GAG04, 5Ј-GTTTCACTTTCTCTTCTG CGTG-3Ј (nucleotide 1873), where i represents inosine. For quantitation of viral RNA in plasma, a reverse transcriptase PCR version of the QC-PCR procedure was employed with an in vitro run-off transcript from pSGD83 as the internal control template. Plasma samples for analysis were collected with EDTA as the anticoagulant at 2, 6, 10, 18, 25, 42, 50, 58, 68, 77, and 85 weeks postchallenge and were stored in a Ϫ70°C freezer. Virions were pelleted by ultracentrifugation and lysed with sodium dodecyl sulfate-proteinase K, followed by serial organic extractions and precipitation with glycogen as a carrier. Replicate aliquots of the test RNA were subjected to reverse transcription with various known copy numbers of the in vitro transcript with random primers at 42°C for 30 min. The resulting cDNA was then amplified (45 cycles of 94°C for 1 min, 55°C for 2 min, and 72°C for 1 min), and the products were quantitated as for DNA QC-PCR analysis. Results were normalized to the volume of plasma extracted and expressed as SIV RNA copies per milliliter of plasma. Interassay variation was less than 20% (coefficient of variation).
Single-stranded conformational polymorphism of PCR products. To assess genetic variability within the V1 and V3 regions of the SIV envelope, singlestranded conformational polymorphism (SSCP) of PCR products amplified from either PBMC or tissue DNA was analyzed as described previously (7) with PCR with env primers 5ЈTGGGATGTCTTGGGAATCAGCTGCTTA (nucleotide 6588) and 5ЈCTTTTCTTGCTGAATTTGTGCTTCTTC (nucleotide 8596), followed by nested amplification with V1-or V3-specific primers and inclusion of 0.5 mCi of [␣-
32 P]dCTP in the PCR mixture. Three microliters of the PCR product was diluted 1:1 in Sequenase stop buffer (U.S. Biochemicals), boiled for 5 min, and electrophoresed on a 10% glycerol-6% Hydrolink gel (AT Biochem, Malvern, Pa.) in 0.6ϫ Tris-borate-EDTA running buffer. Primers used for SSCP are listed below, with nucleotide positions within the SIVsmH4 genome indicated in parentheses. The V1 primers were 5Ј-CTCACCCCACTATGTATAG CAATGAGA (6896) and 5Ј-AATTACAACCTATCATGGGCTCCTGTT (7098); the V3 primers were 5Ј-GATCAAGCTTAATAAGTATTATAATCTAAC (7493) and 5Ј-GATCCTCGAGTCTACAATTTGTCCACAT (7774).
Cloning and sequence analysis of viral DNA in sequential PBMC samples. Envelope clones were obtained from PBMC or tissue samples following nested PCR amplification as previously described (7) with primers 5ЈTGGGATGTCT TGGGAATCAGCTGCTTA (nucleotide 6588) and 5ЈCTTTTCTTGCTGAAT TTGTGCTTCTTC (nucleotide 8596). PCR-amplified products were digested with SphI and Csp45I and cloned into the plasmid vector pGEM-7Zf, which had been digested with the same restriction enzymes. The ligation mixtures were transformed into JM109, and all subsequent amplification steps were performed at 30°C. Ten to twenty colonies from each sample were identified by colony hybridization with a radiolabelled probe of the entire env gene, and hybridizing colonies were used in subsequent SSCP and sequencing reactions. Clones obtained from PBMC samples were sequenced manually by the dideoxy chain termination method (Sequenase), whereas clones obtained from tissues were sequenced with the automated ABI 373 sequencer. Nucleotide sequences and predicted amino acid sequences were analyzed with GeneWorks (Oxford Molecular) and Clustal V for multiple alignments.
RESULTS
The disease course in a group of six macaques infected with SIVsm62d was variable, with animals following one of two distinct clinical outcomes. Two macaques were defined as pro- gressors based upon the development of AIDS-related disease, including peripheral CD4 lymphocyte depletion, opportunistic infections, or other AIDS-related syndromes, such as thrombocytopenia (PT181 and PT182). Four macaques which maintained normal CD4 lymphocyte subsets were considered nonprogressors or slow progressors (PT185, PT187, PT188, and PT190). Rapid progression, as defined by high escalating viremia with an ineffective humoral immune response and death from AIDS within 6 months of inoculation (27) , was not observed in any of the SIVsm62d-infected animals. Clinical and virologic characteristics of progressors and nonprogressors. The progressor macaques exhibited declining peripheral CD4 lymphocyte subsets within 6 months of inoculation and chronic wasting within 1 to 1.5 years (Fig. 1) . Both animals had other indirect signs of SIV infection, including anemia, thrombocytopenia, and lymphadenopathy (data not shown), although these signs predominated in PT182. At the time of autopsy, pathologic examination of tissues from PT181 revealed severe generalized depletion of all lymphoid tissues examined and disseminated granulomas due to Mycobacterium avium infection (25) . Although peripheral CD4 lymphocytes were severely depleted, lymphoid depletion was more moderate in tissues of PT182; this macaque was severely anemic and thrombocytopenic at the time of autopsy (25) . In situ hybridization (ISH) for SIV RNA revealed moderate numbers of SIV-expressing cells (five per high-power field) in lymphoid tissues of both progressor macaques, PT181 and PT182.
The four nonprogressors remained clinically healthy throughout the period of observation (Fig. 1B) and maintained normal hematocrits, CD4 lymphocyte subsets, platelet counts, lymph node size, and weight gain (data not shown). At the time of euthanasia (approximately 3 years postchallenge), a complete necropsy of these animals revealed minimal pathologic changes. In particular, lymphoid tissues such as lymph nodes, spleen, and thymus were within normal limits, exhibiting neither lymphoid hyperplasia (a sign of early progression) nor lymphoid depletion. ISH of tissues collected from the nonprogressors failed to reveal SIV-expressing cells, and trapping of virus within germinal centers of lymphoid tissues was not observed (data not shown).
Viremia as a correlate of progression. Although virus isolation from PBMC was generally successful early in the disease course, isolation from the nonprogressors became inconsistent after the first 4 months of infection (Table 1 ). In contrast, virus isolation from the progressors remained fairly consistent throughout the course of infection. Sequential plasma viral load was assessed, as shown in Fig. 1 ; all animals demonstrated primary plasma viremia at 2 weeks postinoculation. The level of plasma viremia ranged from 4,800 (PT190) to 910,000 (PT181) copies per ml. Both progressor macaques exhibited high primary viremia and subsequently maintained moderate plasma viral RNA levels into the post-acute phase of infection. Although plasma viremia in each of the progressor macaques remained at moderate levels for the first 6 months of infection, subsequent levels decreased to measurable but low levels in one animal (PT181); the decrease in plasma viremia was coincident with or preceded a precipitous decline in circulating CD4 lymphocytes and the onset of AIDS-like symptoms. Similar declining viremia in SIV-infected macaques in the terminal stages of AIDS associated with severe generalized lymphoid depletion and loss of susceptible target cells has been observed previously in SIVsm infection (25) .
The nonprogressor group was more heterogeneous with respect to the pattern of plasma viremia than the progressors (Fig. 1) . One animal exhibited rapidly declining primary plasma viremia to below detectable limits (PT187), and in two others, plasma viral RNA levels declined to consistently Ͻ500 copies per ml. However, one animal in this group (PT185) initially maintained plasma viral RNA levels more similar to those observed in the progressors. However, by 42 weeks postinfection, viral RNA levels had declined to 1,000 to 2,000 copies per ml without a concomitant decline in CD4 lymphocytes.
Neutralizing antibody responses. As a measure of functional, envelope-specific antibody, sequential neutralizing antibody titers against the related SIVsmH4 were evaluated in all six macaques (Fig. 2) . SIVsmH4 has 96% identity in the predicted amino acid sequence of the envelope glycoprotein with SIVsm62d, and thus neutralizing titers should be a good indicator of homologous neutralizing antibody responses. Progressors developed neutralizing titers that were 10-fold higher than those of the nonprogressors. The nonprogressor PT185, which was an outlier in terms of plasma viral load, was also intermediate in antibody response between the progressors and nonprogressors, achieving a titer of 1:11,000. In general, the strength of the antibody response in the animals mirrored the degree of plasma viremia. Thus, PT187, in which plasma viremia was below detection limits for the majority of the observation period, exhibited declining neutralizing antibody titers. To confirm that neutralization activity against SIVsmH4 was a valid assessment of neutralizing antibody responses, plasma samples collected at peak titers (26 weeks) were evaluated for their ability to neutralize the inoculum, SIVsm62d. SIVsm62d proved to be highly sensitive to in vitro neutralization, unlike SIVsm543-3 (27) . A trend in neutralization activity against SIVsm62d similar to that seen previously with SIVsmH4 was observed. Thus, both progressor macaques achieved titers of Ͼ1:625. The two nonprogressors (PT185 and PT190) with 
a A plus sign indicates that virus was isolated from 5 ϫ 10 6 PBMC within 6 weeks of coculture with macaque PBMC, whereas a minus sign indicates that virus was not isolated at this time point.
intermediate titers to smH4 also achieved titers of Ͼ1:625. The two nonprogressors with the lowest neutralizing antibody activity to smH4 exhibited lower neutralizing activity to SIVsm62d (1:125). Since endpoint titers were not achieved in this assay, we were unable to confirm that the progressors attained higher neutralization activity than the nonprogressors.
Evolution of envelope in PBMC of progressors and nonprogressors. We used a combination of single-stranded conformational polymorphism (PCR-SSCP), sequence analysis of individual clones and direct sequence of PCR products to evaluate the extent of evolution within the most variable region of the SIV envelope glycoprotein, the V1 region (6, 28, 44) . Initial analysis of the evolution of the V1 region within PBMC of one of the progressors demonstrated that deletions were observed as early as 6 weeks postinoculation (Fig. 3) , with substitutions which introduced new N-linked glycosylation sites observed later in the course of infection (20 weeks). Similar analysis of viral evolution in the nonprogressors was not feasible due to low PBMC viral load that was evident in SSCP analysis (data not shown). Therefore, we subsequently focused on evaluation of V1 evolution in tissues. PCR-SSCP analysis of the V1 region confirmed widespread distribution of proviral DNA in various lymphoid tissues with the exception of thymus and bone marrow of each of the nonprogressor macaques (Fig. 4A) . The predominant virus population in tissues of all but one of the macaques (PT187) was distinct from the inoculum, based on mobility of the double-stranded and single-stranded products.
Since relative changes in SSCP mobility are not predictive of actual nucleotide divergence, individual V1 clones were cloned from tissues of the two progressors (PT181 and PT182) and two nonprogressors (PT185 and PT187), and PCR products amplified from tissues of the other two nonprogressors (PT188 and PT190) were directly sequenced. As summarized in Table  2 , almost all of the nucleotide changes were nonsynonymous, and therefore most resulted in changes in the predicted amino acid sequence. However, in some instances, two or three nucleotide positions in the codon were altered, and therefore the number of nucleotide substitutions was somewhat higher than the number of respective amino acid substitutions. Analysis of the respective predicted protein sequences of V1 from various macaques revealed significant evolution of virus in five of the macaques, three of the nonprogressors (Fig. 4B) , and the progressors (Fig. 5) . The extent of V1 evolution in the two progressor macaques was similar and fairly extensive. In contrast, V1 evolution within the nonprogressors was variable (Fig. 4) . Thus, at one end of the spectrum, the V1 region of env within tissues of PT187 was essentially unchanged from the input virus. In contrast, the V1 region of virus within tissues of PT185 was distinct from the input virus, and the extent of evolution was similar in magnitude to that observed in the progressors macaques. An intermediate degree of evolution was observed for two nonprogressor macaques, PT188 and PT190; the predominant viral genotype was distinct from that of the inoculum but was considerably less divergent than that observed in the progressor macaques. Changes relative to the original inoculating virus included deletions as well as substitutions. As shown in Fig. 4 and 5, some substitutions resulted in the introduction of potential N-linked glycosylation sites (three more for PT181, one for PT182, three for PT185, and one for PT188 and PT190).
The rate of viral evolution appeared to correlate with the magnitude of persistent viremia. The evolution of viral se- quences within the nonprogressors was generally slower than in the progressors but varied significantly between animals. Table 2 shows the relationship between the extent of plasma viremia (mean post-acute plasma viral RNA) and the rate of V1 evolution as assessed by determining the number of amino acid changes per week. Evolution of V1 was greatest in the two progressors and then decreased in rank order, with decreasing mean plasma viremia. The evolution of the V1 region was most pronounced in PT185, an animal which exhibited persistent moderate plasma viremia throughout the course of infection. The V1 region evolved to a lesser extent and/or rate in animals with intermittently detectable post-acute plasma viremia (PT188 and PT190). The least evolution was observed in clones obtained from the macaque for which viral containment was most restricted and plasma viral RNA was undetectable after primary viremia (PT187). However, since the strength of the neutralizing antibody response covaried with the level of plasma viremia, both must be considered potential factors controlling evolution.
DISCUSSION
Persistent high virus load appeared to be a major correlate of progressive disease in SIV infection, as has been observed in previous studies with uncloned SIV isolates (26, 51) . Since the SIVsm62d is moderately pathogenic compared to the highly pathogenic SIVmac239, the spectrum of disease course in this cohort was shifted toward a predominance of animals with slowly progressive or nonprogressive disease. None of the SIVsm62d-infected macaques exhibited rapid progression. The levels of peak viremia in this cohort are also in agreement with this assessment of the relative pathogenicity, since peak levels during acute viremia were significantly lower (10 3 to 10 6 copies/ml) than levels observed in infection with highly pathogenic SIV isolates (10 6 to 10 8 copies/ml) (26, 51) . In terms of genetics, this study underscores previous observations that the evolution of virus in an individual can be highly variable and clearly does not proceed at a linear rate throughout the time course of infection. Additionally, this study begins to delineate some of the factors responsible for variation in viral evolution among individuals. Factors such as the persistence of viral replication and the magnitude of the humoral immune response clearly played a pivotal role in the process of in vivo evolution. In the present study, the strength of the humoral immune response correlated directly with the amount of ongoing viral replication, making it difficult to assess the relative contributions of these two parameters to in vivo evolution. The assessment of the role of neutralizing antibody in this study was further complicated by the use of a highly homologous virus, rather than the inoculum or later virus isolates from the infected macaques, as the target for neutralization assays. Thus, we were unable to evaluate whether these macaques were undergoing sequential evolution of neutralizationresistant variants. Overall, both antibody selection and ongoing viral replication are likely to be essential for promoting viral evolution of SIV. The evolution of new N-linked glycosylation sites in the V1 region is consistent with attempts by the virus to evade neutralizing antibody responses. Interestingly, we observed viral evolution even in the nonprogressor macaques which had intermittent, extremely low but detectable plasma viremia (Ͻ1,000 copies/ml). The only macaque for which evolution was not observed was one in which plasma viremia was undetectable throughout most of the course of infection.
The present macaque study suggests a correlation between the rate of evolution of the SIV envelope and the level of persistent plasma viremia in the infected macaque. Since the persistence of viremia correlated with disease course, viral evolution was greatest in the progressor macaques and least in the nonprogressors. The findings of the present study differ from previous reports of HIV-1 evolution. In HIV-infected individuals, viral load and evolution appear to be inversely FIG. 5 . Alignment of predicted amino acid sequences of the V1 region encoded by env from PCR products cloned from tissues (spleen and lymph node) of PT181 and PT182, which were collected at the time of autopsy. The sequence of SIVsm62d (62d) is shown at the top, and the consensus sequence of the virus in the macaque is shown at the bottom of each alignment (CON). Potential N-linked glycosylation sites are underlined in the 62d sequence and consensus. Identity at a residue is indicated with a dash, dots indicate a deletion relative to SIVsm62d, and amino acid substitutions are shown with the single-letter amino acid code. At the right is shown the frequency of the number of clones of each unique sequence type as determined by sequence and SSCP analysis. correlated (15, 21, 54) ; rapid progressors with high viremia exhibited less viral evolution and less viral diversity than individuals with slower progression. The differences between this macaque study and those with HIV-infected humans could be due to a number of factors, including the clonality or heterogeneity of the virus inoculum, differences in the biologic phenotype of HIV-1 infecting different individuals, and the relative levels of viral replication in the individuals chosen for study. Studies of HIV-infected individuals have concentrated mainly upon rapid progressors and slow progressors. In contrast, rapid progressors were not evaluated in the present macaque study, and the levels of viremia in the macaque were significantly lower than in the HIV-infected individuals studied. For example, in the pediatric studies, plasma viremia in the children with slowly progressive disease was characteristically in excess of 10 4 /ml, whereas plasma viremia in our SIVinfected macaque nonprogressors was at least an order of magnitude lower (Ͻ10 3 /ml). Our nonprogressor macaques were more comparable in levels of viremia to HIV-infected individuals undergoing highly active antiretroviral therapy. Indeed, viral evolution appears to be minimal in these individuals, entirely consistent with the results of our study. The moderately pathogenic nature of the molecularly cloned SIV used in the study precludes evaluation of in vivo evolution during rapid progression, which will be an obvious area of future interest.
In conclusion, the SIV model offers the luxury of a known molecularly cloned inoculum, dose, and timing of inoculation that would not be possible in studying cohorts of HIV-infected individuals. Such a study allows us the opportunity to evaluate the relative contribution of selective pressures, such as antibody and the rate of viral replication, to the in vivo evolution of SIV in macaques and the subsequent analogy of HIV-1 in humans.
